ABSTRACT: An animal model and computer software were developed to conduct across-herd genetic evaluations using data from producers participating in the Sow Productivity Index program of the American Yorkshire Club. The final data set consisted of 61,596 litter records from 1986 to early 1990. The animal model included fixed contemporary group effects and random additive direct, service sire, permanent environmental, and residual effects. Additive genetic relationships among animals were included. A separate relationship matrix for service sires and their sires was also included. A data set similar to the Yorkshire field data was simulated to use in testing the animal model. The simulated data set consisted of 40 herds, each with 120 reproducing dams and either four or five sires. Six generations of simulated data were produced, resulting in 20,605 litter records. These records were then evaluated using the animal model for number of pigs born alive. Finally, correlations between the true breeding values from the simulation and the predicted breeding values were computed. The correlation between the 918 true and predicted sire breeding values was considerably lower for the animal model without a service sire effect than when it was included ( . 5 3 vs .74, respectively). However, the difference was cut in half (.66 vs .77) when only sires with greater than five daughter records were included. The high accuracy of the animal model with a random service sire effect indicates that the proposed model adequately accounts for the variation found in records for number of pigs born alive.
Introduction
Across-herd genetic evaluation of beef and dairy cattle using mixed-model methodology has been in use and continually updated for several years. All of the major breeds have annual or biannual evaluations for production and other traits published. These evaluations have become a very useful selection tool for cattle producers and also for the artificial insemination industry. Genetic evaluation for swine production traits has also been conducted, but primarily on a within-herd basis. The impetus for across-herd national evaluations in the United States has begun only recently. Swine producers have accomplished limited improvement in the genetic merit of their animals for reproduction previously but can expect to make much more reliable selection decisions based on individual J. Anim. Sci. 1993 . 71:2040 -2046 genetic merit values predicted from the national data base and BLUP methods. In fact, swine breed associations and the National Pork Producers' Council (NPPC) are eager to use the experiences of national cattle evaluation systems t o make national swine evaluation a reality. The present project came about as the result of a decision made by the NPPC to fund the development of an animal model for across-herd genetic evaluation of swine reproductive traits.
The parallel between evaluating individual beef animals and pigs for growth traits is quite straightforward, as shown by Figures 1 and 2 . Figure 3 shows that evaluating pigs for litter traits is considerably more complicated. Not only are multiple litters possible (repeated observations), but the sire of the sow and the sire of the litter influence number of pigs born alive ( NBA) through different physiological mechanisms. To eliminate confusion, the sire of the litter is generally referred to as the service sire or mate.
The purpose of this project was 1) to develop an animal model for across-herd genetic evaluation of NBA and 2 ) to test the model using simulated data. 
Materials and Methods

Data
The American Yorkshire Club supplied litter information collected by producers from throughout the United States participating in the Sow Productivity Index ( SPI) program during the years 1986 to early 1990. There were 61,596 litters with NBA records. Data included multiple-parity records when available. Contemporary groups were defined by individual producers. Additional information regarding the data set may be seen in Table 1 . To reduce the number of mixed-model equations to be solved, the data were preadjusted for parity of the sow effects using additive adjustment factors (NSIF, 19871, rather than fit them in the model.
Model Development
Although NBA is measured on the litter of a sow, it is considered a measurement of the sow's reproductive ability. The sow's influence on the performance of her offspring is not limited to direct genetic effects, but also includes maternal and permanent environmental effects. Ignoring maternal effects in a selection program for sow productivity could actually prevent genetic progress because of a negative relationship between direct and maternal effects (Southwood and Kennedy, 1990) . However, there was very little change in rank when sire and gilt breeding values were estimated with direct-only and direct and maternal effects models (Southwood and Kennedy, 1991) .
Because of the difficulty in separating maternal effects on NBA from direct genetic effects on uterine environment, ovulation rate, embryo survival, and other reproductive functions, separate direct and is a vector of fixed contemporary group effects, u is a vector of random additive direct genetic effects, s is a vector of random service sire or mate effects, p is a vector of random permanent environmental effects, and e is a vector of random residual effects particular to each litter. The matrices X, Zu, Z,, and Zp are all incidence matrices relating litter records to the appropriate effects. E ( y ) = Xb is assumed, and the expectations of the random effects are assumed to be zero. The variance-covariance matrix is as follows: diagram showing relationships among sires, dams, service sires, sows, and contemporary groups (CG) for number of pigs born alive (NBA) as a repeated record of the sow. Path coefficients are direct genetic effects (ga), maternal genetic effects (m), maternal environmental effects (me), permanent environmental effects (ep), and temporary environmental effects (et).
The relationship matrix A accounts for additive genetic relationships for all animals where parentage is known, back to the base generation. The relationship matrix A, accounts for additive genetic relationships among service sires and their sires. Inbreeding in the population was assumed to be negligible and thus was not accounted for in the relationship matrix.
Inclusion of a random effect for service sire is necessary to account for the influence that he has on the resulting litter size. Thomas ( 1989) reviewed numerous papers that found service sire to have a significant effect on conception rate, NBA, and litter weight. For example, Rahnefeld and Swierstra (1970) determined service sire to have a significant effect on Yorkshire and Lacombe litters for NBA. A study of 7,992 litters by Salehar et al. (1976) also showed the 103 service sires to have a significant effect on NBA. Stur and Mayrhofer (1982) reported a significant service sire effect for NBA, but not for number of pigs weaned. Southwood and Kennedy (1990) assumed that sire of the litter had no significant effect on litter size traits and therefore did not fit this effect. They had little choice in the matter because that information was unavailable. Instead, they assumed the sire of the litter effect to be small and dependent on the type of service, natural or AI, citing Legault (1970) . Southwood and Kennedy (1990) found NBA to have low additive maternal variance, especially for purebred Yorkshire litters. They examined the potential bias from estimation of heritability of NBA using an animal model without maternal effects. Little change was observed in additive heritability for purebred Yorkshires, but the additive direct variance and heritability were considerably reduced in Landrace litters.
Multiple litters were assumed to be repeated observations of the same trait genetically, This assumption may not be valid in pigs, depending on how much emphasis is placed on each parity during selectioniculling. The dairy industry has considered first and later lactations as different traits because correlation estimates have been less than one among different lactations (Rothschild and Henderson, 1979; Tong et al., 1979; Powell et al., 1981) . Comparisons of sire evaluations based on first vs all lactation records have indicated that there is little change in sire ranking for some populations (Weller et al., 1984) . However, use of all lactation records results in higher accuracy values, but may also result in additional bias due to including selected data (Ufford et al., 1979) . Johansson ( 198 1) reported a genetic correlation of .41 between first and second parities for NBA and .2 for litter size at 3 wk from his 1979 work, but suggested further research in this area was needed. A subsequent study of Swedish Yorkshire and Landrace litter size records found high correlations among the first three parities, although several estimates were out of the parameter space (Johansson and Kennedy, 1985) .
The actual genetic evaluation is performed by computing a reduced animal model. In fitting a reduced animal model, the records are separated into two groups, parents and nonparents. Only equations for the parents and relationships among parents are needed, resulting in a further reduction in the size of the computing problem. For this model, a parent is considered to be a boar or sow with at least one progeny having a litter record of its own. The coefficient matrix is formed one record at a time, variance ratios and relationships are added at the same time, and then the equations are solved iteratively.
During the process of determining the appropriate equations for obtaining nonparent solutions, a potential bias was discovered. There are some nonparents that never become parents according to our definition, despite their having more than one litter. The first evaluation system assumed no covariance among multiple litters belonging to a nonparent dam. The solution used to avoid this bias was to treat those nonparent dams with multiple records as parents (E. J. Pollak, personal communication) . This results in an increase in the number of equations to solve. Every nonparent dam with repeated records added to the parent list results in three additional equations in the coefficient matrix.
(Colvariance component estimates are a very important part of genetic evaluations. Model development and testing is generally more straightforward than (cobariance component estimation. (Colvariance component estimates from previous research conducted at the University of Georgia (Thomas, 1989) , as well as values from the literature, were used ( Table 2 ). The resulting heritabilities are also shown in Table 2 . Development of (colvariance component estimation programs for the current model will require a considerable amount of time. A preliminary analysis of the Yorkshire field data was conducted using a siredam model and pseudo-expectation methodology for NBA. Sire, dam, and error variance estimates from that model and estimation procedure were .20, .55, and 6.30, respectively. These values indicate that estimates actually used to get the genetic evaluations are reasonable.
Software Development
A small sample data set was constructed to test the model described earlier. Programs were written in SAS PROC MATRIX and in MATLAB to run on a microcomputer. The sample data set contained 3 contemporary groups, 10 parents, and 7 nonparents. Depending on the stage of testing, multiple parent and nonparent records were present. The MATLAB program was written to form the coefficient matrix one record at a time just as the mainframe program developed for the NBA genetic evaluation does. The SAS program used PROC MATRIX to construct design matrices, directly form the equations, and solve them. After the results from these two programs were identical, that data set was used to test the mainframe program. This testing was performed in three stages, each stage having the same original parents and nonparents. Differences in the three stages were 1) no repeated records, 2 ) repeated parent records, and 3 ) repeated parent and nonparent records.
The procedure was similar for checking backsolutions. The main difference was that a full animal model was run in SAS PROC MATRIX to obtain nonparent solutions directly. The evaluation was run on the University of Georgia's IBM 3090-4003 computer.
Simulation o f Data for Model Testing
A large data set was simulated using a modified version of Harvey's stochastic computer simulation NBA, gi, gj, mj, and eijk are random effects for the breeding value of the ith service sire, the breeding value of the jth dam, the permanent maternal environmental effects of the jth dam, and environmental effects, respectively. Individual WWT was simulated using a mathematical model consisting of the population mean for WWT, one-half of the breeding value of the dam for WWT, one-half of the breeding value of the sire for WWT, the breeding value of the dam for maternal effects on WWT, and permanent maternal environmental effects and temporary environmental effects of the dam for the specific litter. The SWISEL program assumes that there are no inbreeding effects, that no crossfostering occurs, and that permanent maternal environmental effects on WWT do not influence the maternal performance of that pig when it becomes a mother. Population parameters used in the simulation program are shown in Table 3 .
Six generations of simulated data were produced. The simulated data set was structured similarly to the actual Yorkshire field data. The population created consisted of 40 herds, each with 120 reproducing dams and either four or five sires. Each of the 40 herds was split into three separate farrowing groups of 40 dams each. In eleven of the herds five sires were used across farrowing groups within herd, and in the remainder two sires were used across farrowing groups and .
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across herds while two other sires were used strictly across farrowing groups within herds. Each farrowing group was randomly assigned a different environment within each generation.
In each generation 8 of the 40 sows in each farrowing group were culled based on SPI after each farrowing, and replacements selected were the eight gilts with the largest WWT from the litters with the largest NBA. Sires used on a within-herd basis were culled and replaced at random. The AI was simulated to provide connectedness between herds. An AI stud was created that consisted of 20 sires randomly selected from the male population in the connected herds. One-half the AI sires were culled randomly each generation and replaced from the population of young males. Each herd then used two randomly selected males from the AI stud and two males randomly selected from the population of young males within each herd. Each AI sire was used in from two to seven herds. Within herd, sires were randomly bred to equal numbers of sows t o produce each generation.
After editing for disconnected litters and outliers that were greater than four standard deviations from the population mean for NBA, this simulation produced 20,605 litter records for 390,327 individuals. This represented 522 contemporary groups, 418 service sires, 918 sires, and 9,648 dams.
Analysis of Simulated Data
The proposed model for analysis of NBA in field data [l] was used for genetic evaluation of the sires and dams of the 20,605 litters in the simulated data set. Correlations between the true breeding values of sires and their estimated breeding values using Model [l] were subsequently computed to assess the appropriateness of the model.
Results and Discussion
Field Data. Computer time required to solve iteratively the mixed-model equations was minimal. In analysis of NBA records, convergence was attained after 36 rounds. Convergence in our system was defined as absolute difference < .01 for all solutions. The time required for preparing the data, forming the equations, including augmenting for relationships and variance ratios, and solving the equations in 36 rounds of iteration was < 5 min. To verify that convergence had indeed been attained, the system was forced to iterate 100 rounds (approximately 7 min of central-processing unit time). The solutions from rounds 36 and 100 were then correlated. Correlations between each set of solutions for all effects were essentially unity. Means, standard errors, and ranges for the model effects are presented in 
CorreZations of Predicted and True Genetic Merit.
To determine how well our animal model predicted breeding values for NBA, the simulated data set was evaluated with our proposed model and software developed for national swine evaluations. The model used for breeding value estimation and the model used for generation of the simulated data were equivalent. Both included the additive direct genetic effects of the dam, the random service sire effects, and the permanent environmental effects of the dam. One difference is that the breeding value estimation model also included a fmed contemporary group effect, whereas the simulated data program used a different environmental effect for each generation of each herd, thus Table 5 ) .
The accuracy of estimates is dependent on the choice of data, method, and model. The expected accuracy of a sire evaluated from one daughter record would be .16. In our large simulated data set the average sire had 42 daughter records from 24 daughters. The expected accuracy of a sire with this number of progeny records from this data structure would be .77. High accuracy is expected from a large data set.
Accuracy of selection can be increased by the use of BLUP-based genetic estimates (Mabry et al., 1987; Keele et al., 1988; Sorensen, 1988) . As expected, the sire and animal models were considerably better than sire progeny means. When evaluating sires with more than five daughter records we found an accuracy of .67 for a sire model and .66 for an animal model without a random service sire effect. Correlations between all sires showed this animal model ( . 5 3 ) to have lower accuracy than the sire model (.64). This reduced accuracy may be due to data structure. Of the 918 sires evaluated, 491 sires had five or more daughter records, four had fewer than five daughter records, and 423 sires from the base generation had no daughter records. This would indicate that estimates for genetic merit of grandsires that have few daughter records are less accurate in this animal model procedure. This reduced accuracy might be attributed to confounding with service sires. In the more complete animal model, which included a random service sire effect, accuracy was increased to .77 for sires with more than five daughter records and t o .74 for all sires. The expected correlation under selection index theory (where all environmental effects are accounted for) was .74. Such high correlations, which are equivalent to the expectation, are sufficient evidence to conclude that our model is appropriate for evaluating swine for NBA.
Implications
The animal model developed as part of this study will provide seedstock swine producers with an assessment of the genetic merit their pigs have for number born alive. This will allow accurate comparisons of the genetic merit of different lines of pigs at different farms and improve the accuracy of selection across herds. Producers should continue to try to improve reproduction by improving the environment in the breeding herd and by employing the most efficient crossbreeding systems; however, by using accurate across-herd genetic evaluations they can capitalize on genetic differences in reproductive ability to improve the profitability of their swine operations.
